There has been resurgence in determining the role of host metabolism in viral infection yet deciphering 15 how the metabolic state of single cells affects viral entry and fusion remains unknown. Here, we have de-16 veloped a novel assay multiplexing genetically encoded biosensors with single virus tracking (SVT) to 17 evaluate the influence of global metabolic processes on the success rate of virus entry in single cells. We 18 found that cells with a lower ATP:ADP ratio prior to virus addition were less permissive to virus fusion 19 and infection. These results indicated a relationship between host metabolic state and the likelihood for 20 virus-cell fusion to occur. SVT revealed that HIV-1 viruses were arrested at hemifusion in glycolytically-21 inactive cells. Interestingly, cells acutely treated with glycolysis inhibitor 2-deoxyglucose (2-DG) become 22 129 ometric reporter of the ATP:ADP ratio, or Laconic (San Martín et al. 2013), an intracellular lactate bio-130 sensor to monitor glycolytic flux in TZM-bl cells via FLIM. This approach allowed us to determine if 131 relative ATP:ADP ratios or relative lactate concentrations prior to infection could be predictive of cellular 132
resistant to virus infection and also display less surface membrane cholesterol. Addition of cholesterol in 23 these in glycolytically-inactive cells rescued the virus entry block at hemifusion and enabled completion 24 of HIV-1 fusion. Further investigation with FRET-based membrane tension and membrane-order report-25 ers revealed a link between host cell glycolytic activity and host membrane order and tension. Indeed, 26 cells treated with 2-DG possessed lower plasma membrane lipid order and higher tension values, respec-27 tively. Our novel imaging approach that combines lifetime imaging (FLIM) and SVT revealed not only 28 changes in plasma membrane tension at the point of viral fusion, but also that HIV is less likely to enter 29 cells at areas of higher membrane tension. We therefore have identified a connection between host cell 30 glycolytic activity and membrane tension that influences HIV-1 fusion in real-time at the single-virus fu-31 sion level in live cells. As glycolytic activity sets membrane tension levels by altering cellular cholesterol 32 surface levels, our results suggest additional previously unknown benefits of cholesterol-lowering medi-33 cation in HIV-1 infection.
INTRODUCTION

35
It is well-established that HIV-1 preferably infects target cells by engaging its gp160 trimer of het-36 erodimers (i.e. gp120 and gp41) with host receptor CD4 (Dalgliesh et al. 1984 ) and co-receptors CCR5 37 (Dragic et al. 1996) or CXCR4 (Feng et al. 1996) . Subsequently, the receptor and co-receptor interactions 38 trigger conformational changes in the gp41 transmembrane subunit, facilitating virus-cell fusion and the 39 formation of a post-fusion, thermodynamically-stable six-helix bundle (Gallo et al. 2003) . Identifying 40 elements that underpin the earliest stages of HIV-1 infection is a priority in the search for an HIV cure 41 (Deeks et al. 2016 ). Furthermore, numerous studies have highlighted the importance of cellular metabo- HIV-1 infected cells (Hollenbaugh et al. 2011 (Hollenbaugh et al. , 2016 and affects virus pathogenicity and production 50 (Hegedus et al. 2014 ). More recently, it has been shown that basal glycolytic activity of CD4 + T cell sub- 
93
DG-treated cells displayed a loss of membrane cholesterol and addition of water-soluble cholesterol to 94 these cells rescued HIV-1 fusion. Moreover, 2-DG treatment decreased membrane order and increased 95 tension of cells as measured by FRET-based biosensor probes using FLIM. To further investigate the 96 connection between membrane tension and HIV-1 entry, we developed a novel assay that combines FLIM 97 and single virus tracking techniques to visualize and identify factors pivotal to HIV-1 infection at high-98 spatiotemporal resolution in single cells. Through this approach, we initially show that HIV-1 particles 99 generate increased flux in global host-cell membrane tension that is, at least in part, CCR5-dependent.
100
Furthermore, we illustrate that HIV-1 requires local decreases in membrane tension during the process of 101 virus-cell fusion, which is prevented during the inhibition of glycolysis, yet rescued via cholesterol sup- 
108
Basal Metabolic State is a Determinant of HIV-1 Infection in T cells and Reporter Cells
109
There is an inherent hierarchy in the susceptibility of CD4 T cell subsets to HIV-1 infection. Recent work 110 observed that overall T cell subset metabolic activity correlates with susceptibility to replication by HIV Figure 1A ). Furthermore, we determined that acute arrest of 118 aerobic respiration with oligomycin, an inhibitor of the F 0 proton channel of ATP synthase, led to no such 119 decrease in HIV-1 VSV-G infection ( Figure 1B) . Importantly, when treating T cells with HIV-1 NL4.3, we ob-120 served a similar dependence between 2-DG treatment and inhibition of virus infection (Supplemental 121 Figure 1A ).
122
To determine how a cell's metabolic state correlates to HIV-1 infection, we employed fluorescence life- 
146
Interestingly, single cells with a higher relative lactate concentration were more likely to be fusion posi-147 tive as determined by the BlaM assay than cells with a lower relative lactate concentration ( Figure 2B ).
148
Similarly, cells with a reportedly higher ATP:ADP ratio were more likely to be fusion positive than cells 149 with a lower relative ATP:ADP ratio ( Figure 2C ). Therefore, our data suggests that cells with a higher 150 glycolytic flux are more likely to be infected by HIV-1 JR-FL , and this bias for glycolytically-active cells 151 occurs at the point of HIV-1 fusion. Figure 3E ). We observed that 7% of single virions rapidly released their lipophilic marker into 191 the plasma membrane, which is similar to previously reported SVT analyses of these events (Vega et al. 
152
Inhibition of Glycolysis Blocks HIV-1 Fusion at Hemifusion
275
We also evaluated local changes in membrane tension during HIV-1 JR-FL entry into individual cells. We 
372
We hypothesise that there is a range of hydrophobic mismatch between ordered and disordered lipid do-373 mains that renders HIV fusion plausible. When this equilibrium is lost (both toward high or low tension) 374 the energy required for gp41 fusion peptide to complete fusion (expressed in tens of kBT, (Yang et al.
375
2016)) is not compatible with the completion of the fusion reaction. This is why depletion of cholesterol 376 might allow HIV Env to be primed with CD4 and CCR5 followed by arrest at hemifusion (Figure 3 ) even 377 if overall tension in the host cell membrane is increased ( Figure 6 ). Moreover, our data suggests that cho-378 lesterol is a limiting factor for the transition between HIV-1 hemifusion and fusion ( Figure 6 ) and not 379 necessarily during the sequential interactions between HIV-1 Env with CD4 and CCR5 co-receptor at 
381
HIV-1 was able to progress until hemifusion. The external addition of cholesterol allowed full fusion to 382 be completed ( Figure 6 ).
383
Our results indicate that glycolytic activity is needed to maintain higher lipid order and lower levels of 384 membrane tension inside cells, two characteristics that promote HIV-1 fusion with cells. Moreover, we 385 have also shown that HIV-1 induces broad fluctuations in host global membrane tension during virus en-386 try, yet require localised, transient reductions in plasma membrane tension in order to enter their host cell.
387
In brief, our work shows that glycolytic inhibition with 2-DG creates changes in global and local mem-388 brane tension that restricts HIV-1 fusion at the hemifusion stage and that this inhibition can be tied to cho-389 lesterol availability. Importantly, as glycolytic activity sets membrane tension levels by altering choles- 
